Large-amplitude electric fields in the inner magnetosphere: Van Allen Probes observations of subauroral polarization streams by Califf, S. et al.
Large-amplitude electric ﬁelds in the inner magnetosphere:
Van Allen Probes observations of subauroral
polarization streams
S. Califf1, X. Li1, R. A. Wolf2, H. Zhao1, A. N. Jaynes1, F. D. Wilder1, D. M. Malaspina1, and R. Redmon3
1Laboratory for Atmospheric and Space Physics, University of Colorado Boulder, Boulder, Colorado, USA, 2Department of Physics
and Astronomy, Rice University, Houston, Texas, USA, 3National Geophysical Data Center, NOAA, Boulder, Colorado, USA
Abstract The subauroral polarization stream (SAPS) is an important magnetosphere-ionosphere (MI)
coupling phenomenon that impacts a range of particle populations in the inner magnetosphere. SAPS
studies often emphasize ionospheric signatures of fast westward ﬂows, but the equatorial magnetosphere
is also affected through strong radial electric ﬁelds in the dusk sector. This study focuses on a period of
steady southward interplanetary magnetic ﬁeld (IMF) during the 29 June 2013 geomagnetic storm where the
Van Allen Probes observe a region of intense electric ﬁelds near the plasmapause over multiple consecutive
outbound duskside passes. We show that the large-amplitude electric ﬁelds near the equatorial plane are
consistent with SAPS by investigating the relationship between plasma sheet ion and electron boundaries,
associated ﬁeld-aligned currents, and the spatial location of the electric ﬁelds. By incorporating high-inclination
DMSP data we demonstrate the spatial and temporal variability of the SAPS region, and we suggest that
discrete, earthward propagating injections are driving the observed strong electric ﬁelds at low L shells in the
equatorial magnetosphere. We also show the relationship between SAPS and plasmasphere erosion, as well as
a possible correlation with ﬂux enhancements for 100s keV electrons.
1. Introduction
Subauroral polarization streams (SAPS) [Foster and Burke, 2002] play an important role in modifying the elec-
tric ﬁeld in the equatorial inner magnetosphere, contributing to a region of intense electric ﬁelds in the dusk
sector. SAPS are typically discussed from an ionospheric point of view as a strong westward plasma ﬂow
equatorward of the auroral precipitation boundary commonly occurring between dusk and predawn
[Foster and Vo, 2002]. The westward ﬂow corresponds to a poleward electric ﬁeld in the ionosphere, which
maps to the equatorial magnetosphere as a radially outward electric ﬁeld.
SAPS arise from coupling between the magnetosphere and the ionosphere, and the location and intensity of
the ﬂow depend on numerous factors, including plasma sheet particle precipitation boundaries, magneto-
spheric pressure gradients, ﬁeld-aligned currents, and ionospheric conductivity [e.g., Southwood and Wolf,
1978; Anderson et al., 2001]. During periods of enhanced convection, plasma sheet ions and electrons are
transported from the tail into the inner magnetosphere. Due to the combination of convection, corotation,
and oppositely directed gradient drifts for ions and electrons, the inner edgeof the plasma sheet ions is earthward
of the inner edge of the plasma sheet electrons of similar energy on the duskside [e.g., Korth et al., 1999].
Pressure gradients at the inner edge of the plasma sheet ions can lead to Region 2-type ﬁeld-aligned currents
that ﬂow into the ionosphere equatorward of the precipitating electron boundary and close poleward
(Figure 1). In the absence of sunlight, ionospheric conductivity is driven mainly by precipitating electrons
[e.g., Burke et al., 1998], so the current closes through a region of low conductivity between midnight and
dusk, leading to a strong poleward electric ﬁeld in the ionosphere. Additionally, the increased ﬂow speed
in the ionosphere leads to frictional heating and increased recombination rates, which can further decrease
the conductivity and create a positive feedback effect on the SAPS electric ﬁeld [Schunk et al., 1976; Banks and
Yasuhara, 1978].
This study focuses on a period of steady southward IMF in late June 2013 where the Van Allen Probes
observe strong electric ﬁelds spanning the outer edge of the plasmasphere on multiple duskside passes.
We investigate the relationship between the electric ﬁeld and particle measurements in the equatorial inner
magnetosphere during this 18 h period, and we complement the observations with high-inclination data
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from DMSP. Previous studies compar-
ing equatorial and high-latitude data
have focused on magnetically conju-
gate observations of latitudinally nar-
row subauroral ion drift (SAID) events
[e.g., Burke et al., 2000; Puhl-Quinn
et al., 2007]. In contrast, our study
provides a broad overview of the
evolution of the SAPS region and its
impact on the inner magnetosphere
from an equatorial perspective over
the course of a long-lasting geomag-
netic storm, with concurrent support-
ing measurements from high latitude
as well. The data suggest that SAPS
can be characterized as a broad spa-
tial region persisting for hours that
also contains smaller-scale spatial
and temporal variation due to
numerous earthward propagating
injections. We also show that the
SAPS electric ﬁeld is correlated with
plasmasphere erosion and 100s keV
electron enhancements deep within
the inner magnetosphere.
2. Event Overview
On 27 June 2013, a coronal mass ejection (CME) arrived at Earth, causing a geomagnetic stormwith minimum
Dst<100 nT that lasted for several days. Figure 2 shows the solar wind conditions and geomagnetic indices
for the storm. Initially, there was an increase in dynamic pressure from a combination of higher solar wind speed
and density in the CME, and then early
on 28 June the interplanetary mag-
netic ﬁeld (IMF) began to turn south-
ward, which is a signature of a
magnetic cloud event [e.g., Kataoka
et al., 2015]. The IMF remained steadily
southward for 18 h (Figure 2a, dashed
lines), and during this period there
was increased substorm activity, as
indicated by the elevated AE index
(Figure 2e). The Dst index reached
100nT during the long-duration
main phase, and Dst remained below
70nT until the IMF abruptly turned
northward, initiating a slow recovery
over the next two days. During the
interval of steady southward IMF, the
Van Allen Probes observed large-
amplitude DC electric ﬁelds spanning
~1 RE in radial distance over four con-
secutive outbound passes across the
duskside inner magnetosphere. We
focus on the cause of the strong
Figure 2. Solar wind conditions and geomagnetic indices for the 27 June
2013 geomagnetic storm. (a) Interplanetary magnetic ﬁeld, (b) solar wind
speed, (c) solar wind pressure, (d) Dst index, and (e) AE index.
Figure 1. Diagram of ﬁeld-aligned currents ﬂowing into the ionosphere at
the inner edge of the plasma sheet ions, which is equatorward of the
plasma sheet electrons near dusk. The current closes poleward through a
low-conductivity region, causing the strong SAPS electric ﬁeld that maps to
the equatorial magnetosphere.
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electric ﬁelds by investigating their relationship to plasma sheet particle boundaries and ﬁeld-aligned currents
both near the equatorial plane and at high latitudes.
3. Data Description
The equatorial data are from the twin Van Allen Probes, which are in approximately geotransfer orbits with
~10° inclination. The magnetic latitude of the observations varies between ±20° due to the tilted offset of
the Earth’s dipole, and the spacecraft typically cover all L shells up to L~6 depending on magnetic latitude,
although in some cases the L shell can reach L> 12 in the midnight sector [e.g., Saikin et al., 2015]. During the
29 June 2013 time period, both spacecraft have apogees near 21 MLT, and the outbound portion of the orbit
provides a radial cut of the equatorial magnetosphere between 18 and 21 MLT, which is ideal for observing
the duskside SAPS feature. The orbital periods are 9 h, and the spacecraft are separated by approximately 4 h
during this time. We focus on consecutive outbound passes that provide a radial spatial proﬁle of the electric
ﬁeld, plasma sheet particle boundaries, and ﬁeld-aligned currents between L=2 and 6. We use DC electric
ﬁeld data from the Electric Field and Waves (EFW) experiment [Wygant et al., 2013] expressed in the frame
corotating with Earth. EFW also provides a measurement of spacecraft potential, which has been calibrated
to estimate density through comparison with the density derived from the upper hybrid line [Kurth et al.,
2015]. We use EFW density primarily to identify the plasmapause. To infer currents, we use ﬂuxgate magnet-
ometer data from Electric and Magnetic Field Instrument and Suite and Integrated Science (EMFISIS) [Kletzing
et al., 2013], and the ion and electron observations are provided by Helium, Oxygen, Proton, and Electron
(HOPE) [Funsten et al., 2013] for energies up to ~50 keV and Magnetic Electron Ion Spectrometer (MagEIS)
[Blake et al., 2013] for 50 keV to MeV energies.
To complement the Van Allen Probes observations, we use low-altitude, high-inclination data from DMSP
F16, F17, and F18, which are in ~800 km Sun-synchronous polar orbits. We use differential particle ﬂuxes from
the Special Sensor J (SSJ) covering ions and electrons up to 30 keV to identify the plasma sheet precipitation
boundaries and the Special Sensor Magnetometer (SSM) to infer currents. The three spacecraft have orbital
planes separated in MLT that provide extensive coverage spanning the duskside over the course of this
storm. Due to the much shorter orbital period of the low-Earth orbit spacecraft and the dense nature of mag-
netic ﬁeld lines at high latitudes, the DMSP observations capture radial proﬁles of the inner magnetosphere
between L=2 and 6 in less than 10min, and the three spacecraft pass through this L range four times per
orbit. This allows the entire radial structure of the SAPS region to be sampled every 10–15 min at varying local
times, contributing both broader- and higher-resolution spatial and temporal data to the equatorial picture
from the Van Allen Probes, which require over 4 h to traverse from L= 2–6.
4. Van Allen Probes Observations and Interpretations
The following sections step through the duskside passes in which SAPS electric ﬁelds are observed by the Van
Allen Probes during the 29 June 2013 storm. In Pass 1 (Figure 3), we show the basic structure of the particle
boundaries and ﬁelds associated with SAPS. Pass 2 (Figure 4) contains a sharp electric ﬁeld enhancement at
the inner ion boundary, as well as evidence of multiple injections throughout the region. The lower energy
ions (~20–40 keV) move earthward of the original ring current ions (~200–400 keV) in Pass 3 (Figure 5), and
the ﬁnal SAPS structure is observed in Pass 4 (Figure 6) before the end of the southward IMF period.
4.1. Pass 1: Van Allen Probe B
The ﬁrst clear observation of the SAPS structure is shown in Figure 3 for an outbound pass from Van Allen
Probe B (28 June 2013, 20–22 UT) near the beginning of the main phase of the storm. The IMF had been
steadily southward for 2 h before this pass, and the spacecraft observes strong DC electric ﬁelds persisting
for 40min as the spacecraft moves from L= 3.5 to L=4.5. We interpret this primarily as a spatial feature that
the spacecraft passes through, because the general feature is present on multiple consecutive passes over
many hours, although there are also temporal characteristics that will be addressed later. The spacecraft
begins inside the plasmasphere, where density is large (Figure 3b), and then it crosses the plasmapause at
the sharp gradient in density near 21:10 UT. We have deﬁned the plasmapause as the most earthward
location where the density drops below 50 cm3, and this point is marked by a red square in Figure 3b.
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A high-energy (200–400 keV) ion population is encountered at L= 3 (Figure 3e), which was present before the
storm and is part of the preexisting trapped ring current [e.g., Daglis et al., 1999; Zhao et al., 2015]. Next, a
sharp lower energy (10–50 keV) ion boundary is encountered near L=3.5 (Figure 3f, blue dashed line) that
was not present on the previous pass. The ions form a “nose” conﬁguration, where ~20 keV ions are encoun-
tered ﬁrst, and higher and lower energy ﬂuxes increase at larger radial distances. This is a spatial feature that
is a consequence of the energy-dependent drift paths under the inﬂuence of corotation, convection, and
magnetic gradient drifts [e.g., Chen, 1970; Smith and Hoffman, 1974].
There is an increase in pressure at the inner edge of the ions (Figure 3c, blue dashed line) that is accompanied
by a negative perturbation in Bx GSM (Figure 3d). The blue dashed line indicates the innermost location
where the 20 keV ion ﬂux exceeds 104 (cm2 sr1 s1 keV1). The pressure is calculated using ion and
electron data with energies of 0.2 keV to 1MeV from HOPE and MagEIS, assuming isotropic pitch angle
distributions. Zhao et al. [2015] showed that the isotropic assumption has little effect on the magnitude of
the computed pressure, and our focus is on the location of the pressure gradient rather than the absolute
magnitude of the pressure. The magnetic ﬁeld data shown are the measured magnetic ﬁeld with the
International Geomagnetic Reference Field (IGRF) removed, and slow variations are interpreted as indications
of spatial gradients in the GSM Y direction. In the inner magnetosphere near the equatorial plane, the
magnetic ﬁeld is mostly oriented along GSM Z, so the parallel current can be written as
J∥ ¼ 1μ0
∂By
∂x
 ∂Bx
∂y
 
The negative Bx perturbation as the spacecraft moves in Y is an indication of a ﬁeld-aligned current from the
equatorial magnetosphere to the ionosphere in the Northern Hemisphere, which is expected given the
Figure 3. Example of SAPS from Van Allen Probe B on 28 June 2013. (a) DC electric ﬁeld in the frame corotating with Earth from EFW, (b) density derived from space-
craft potential, (c) isotropic pressure computed from HOPE and MagEIS particle data, (d) EMFISIS magnetic ﬁeld with IGRF removed, (e) differential proton ﬂuxes
between 50 and 400 keV from MagEIS, (f) differential proton ﬂuxes between 1 and 50 keV from HOPE, (g) differential electron ﬂuxes between 0 and 10 keV from
HOPE, and (h) Van Allen Probe B orbit. The vertical lines show the inner boundaries for: 20 keV ions (blue), 2 keV electrons (black), and 5 keV electrons (magenta).
Journal of Geophysical Research: Space Physics 10.1002/2015JA022252
CALIFF ET AL. VAN ALLEN PROBES OBSERVATIONS OF SAPS 5297
observed pressure gradient at the inner edge of the ions. Had the spacecraft been off-equator in the
Southern Hemisphere rather than in the Northern Hemisphere, we would expect a positive Bx perturbation
corresponding to a ﬁeld-aligned current directed toward the ionosphere in the south. Similarly, a positive
Bx perturbation in the Northern Hemisphere is an indication of a ﬁeld-aligned current out of the ionosphere.
At L= 4.1, more than 0.5 RE after measuring the nose ion population, the spacecraft meets the inner edge of
the 2 keV electrons (Figure 3g, black dashed line), and the inner boundary for 5 keV electrons is observed at
L=4.6 (Figure 3g, magenta dashed line). The black andmagenta dashed lines indicate the innermost location
where the 2 and 5 keV electron ﬂuxes exceed 106 (cm2 sr1 s1 keV1), respectively. The outer edge of the
enhanced electric ﬁeld region corresponds well with the inner boundary of the 5 keV electrons, but not with
the 2 keV electrons. It is possible that the auroral precipitation boundary associated with the outer edge of
the SAPS region maps more closely to the 5 keV equatorial boundary, rather than the 2 keV boundary.
The electrons display a different energy dispersion than the ions, where lower energy electrons are observed
before higher-energy electrons. The electron enhancement above 2 keV is also mostly located outside of the
plasmasphere, whereas the ion enhancement penetrates inside the plasmasphere. The electron energy is
mostly below 5 keV, while the ion ﬂux enhancement extends from 10 to 50 keV. The difference in energy
may be attributed to the characteristic energy of the plasma sheet ions being approximately a factor of 7
higher than plasma sheet electrons [Baumjohann et al., 1989], as well as the fact that the ions drift closer
to Earth at dusk and therefore gain more energy through conservation of the ﬁrst adiabatic invariant than
the electrons.
The pressure gradient near the sharp inner edge of the plasma sheet ions leads to ﬁeld-aligned currents that
ﬂow into the ionosphere, and the inner edge of the plasma sheet electrons is related to the electron precipi-
tation boundary in the ionosphere, which has an associated ﬁeld-aligned current out of the ionosphere. In the
postdusk sector, precipitating electrons are the primary driver of ionospheric conductivity [e.g., Burke et al.,
1998]. Because the ions are earthward of the electrons in the equatorial magnetosphere, the ﬁeld-aligned
current maps into the ionosphere at a lower latitude than the electron precipitation boundary, and the
current closes horizontally poleward via the Pedersen current though a region of low conductivity in the
ionosphere [e.g., Yeh et al., 1991]. The ﬁnite conductivity and poleward current cause a large poleward electric
ﬁeld and corresponding fast westward ﬂow. This high-latitude electric ﬁeld maps to the equatorial magneto-
sphere as a radially outward electric ﬁeld, which is consistent with the broad enhancement in the GSM Y elec-
tric ﬁeld observed by the Van Allen Probes near dusk between the inner edges of the plasma sheet ions and
electrons. Qualitatively, the enhanced electric ﬁelds in Figure 3 agree with the theoretical description of SAPS,
although there is some ambiguity in deﬁning the electron precipitation boundary based on the equatorial
magnetospheric particle data.
4.2. Pass 2: Van Allen Probe A
The radial proﬁle of the particles, pressure, ﬁeld-aligned currents, and electric ﬁelds are shown for the following
outbound pass by Van Allen Probe A in Figure 4. These observations occur 4h after the previous example, and
the IMF has been steadily southward for 8 h. Again, the spacecraft encounters a high-energy (200–400 keV) ion
population in nearly the same location as the previous pass, followed by a lower energy ion population with a
nose energy near 30 keV. The lower energy population has a similar spatial structure to the one previously
observed by Van Allen Probe B, except that it has moved earthward from L=3.5 to L=3.0, and the nose energy
has increased from 20 to 30 keV.
On the previous pass, there was a strong pressure gradient and ﬁeld-aligned current located at the inner
edge of the nose ions, but in this case the pressure gradient is smaller and the ﬁeld-aligned current is either
small or nonexistent based on the magnetic ﬁeld data (Figure 4d, blue dashed line). Despite the lack of a
strong pressure gradient, there is an elevated electric ﬁeld of ~2mV/m between L= 2.2 and 3.6, which is large
relative to statistical averages at these low L shells, although not uncommon during very active times. Data
from CRRES and THEMIS (Time History of Events and Macroscale Interactions during Substorms) show that
the average dawn-dusk electric ﬁeld tends to be less than 0.6mV/m and decreasing in magnitude below
L=3.5 during moderate storms (3< Kp< 6). However, during the largest storms (Kp> 6) there can be an
increasing trend extending inside L= 3 with average magnitudes greater than 1.5mV/m [Rowland and
Wygant, 1998; Califf et al., 2014].
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This low-L electric ﬁeld enhancement is not clearly related to plasma sheet particle boundaries as it begins 0.8
RE earthward of the inner edge of the nose ions. This is an example of the high-latitude convection electric
ﬁeld penetrating directly to low latitudes. Penetration electric ﬁelds are typically described as short-duration
events related to rapid changes in the polar cap potential on timescales faster than the time required to
establish ring current shielding [e.g., Greenspan et al., 1991; Burke et al., 1998]. However, observations
[Mannucci et al., 2008] and Rice Convection Model (RCM) simulations [e.g., Garner et al., 2004] have shown
that penetration electric ﬁelds can last for hours during large storms.
A second, more dramatic pressure gradient is encountered at L= 3.6 that is accompanied by a very large
~10mV/m spike in the electric ﬁeld (red dashed line) and clear magnetic perturbations in both Bx and Bz.
At the red dashed line, the 80 keV ion ﬂux increased by more than a factor of 2 within 0.1L. This electric ﬁeld
spike is followed by a ﬂuctuating electric ﬁeld with a net positive GSM Y DC component that persists until the
spacecraft encounters the inner edge of the 5 keV plasma sheet electrons at L= 4.5 (magenta dashed line).
The electric ﬁeld does decrease brieﬂy at the 2 keV electron boundary (black dashed line). We consider the
broad region between the ion and electron boundaries (red and magenta dashed lines) to be the SAPS
region. The initial electric ﬁeld spike is an example of a subauroral ion drift (SAID), which is a more narrow
and intense feature within the SAPS region that is generally understood to arise through the same
magnetosphere-ionosphere coupling mechanism as SAPS [e.g., Anderson et al., 2001]. The large electric ﬁeld
at L=3.6 is clearly inside the plasmapause, and it is correlated with the pressure increase related to a dramatic
ﬂux enhancement for ions between 20 and 200 keV (Figures 4e and 4f).
4.3. Pass 3: Van Allen Probe B
The next pass in Figure 5 occurs 4 h later, and the low-energy (20–40 keV) ion nose population has moved
farther earthward, while the inner boundary of the high-energy ion population has remained relatively
Figure 4. Example of SAPS from Van Allen Probe A on 29 June 2013 in the same format as Figure 3. The vertical lines show the inner boundaries for 20 keV ions (blue),
80 keV ions (red), 2 keV electrons (black), and 5 keV electrons (magenta).
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constant during the storm. This pass occurs 12 h into the steady southward IMF period of the storm, and
the recovery phase has yet to begin. Similar to the previous pass, there is evidence that the electric ﬁeld
penetrates earthward of the inner edge of the plasma sheet ions and associated pressure gradient with a
magnitude of ~1mV/m extending below L = 2.1. As was described previously, this is an example of a
long-lasting penetration electric ﬁeld [e.g., Mannucci et al., 2008; Garner et al., 2004] and is not caused
by SAPS.
At the inner edge of the lower energy nose ion population (blue dashed line) there is a gradual increase in the
electric ﬁeld, and then a sharp enhancement occurs coincident with the inner boundary of the higher-energy
ions that is consistent with a SAPS electric ﬁeld (red dashed line). There is a ﬂux increase of nearly a factor of 2
for 80 keV ions at the red dashed line. Our interpretation is that an additional injection of 10s keV ions
(Figure 5e) happened to coincide with the preexisting high-energy ions (200–400 keV), causing an increased
pressure gradient, ﬁeld-aligned current, and increased magnetospheric electric ﬁeld, rather than the electric
ﬁeld being caused by the high-energy ions directly, as this population has been steady throughout the storm.
In the region between the initial nose ions and the new injection, the pressure has increased by a factor of
2–3 relative to the previous pass (Figures 4 and 5, blue and red dashed lines), but the electric ﬁeld is slightly
smaller in magnitude. This demonstrates the signiﬁcance of pressure gradients, rather than absolute pressure
magnitude, in driving ﬁeld-aligned currents and modifying the magnetospheric electric ﬁeld.
The SAPS electric ﬁeld in this case appears to extend from the inner edge of the 20 keV ions at L= 2.8 (Figure 5,
blue dashed line) out to L=4.5. However, the electron boundary that deﬁnes the outer edge of the classical
SAPS region is not so clear. In the ﬁrst two passes, there was a sharp increase in ﬂux of electrons up to at least
5 keV near L= 4.5 that corresponded well with the outer boundary of the enhanced electric ﬁeld region, but in
this pass the electron energy is mostly below 2 keV.
Figure 5. Example of SAPS from Van Allen Probe B on 29 June 2013 in the same format as Figure 3. The vertical lines show the inner boundaries for 20 keV ions (blue),
80 keV ions (red), and 2 keV electrons (black).
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4.4. Pass 4: Van Allen Probe A
The ﬁnal Van Allen Probe pass that clearly observes the SAPS boundaries and electric ﬁeld signatures is
shown in Figure 6. This example occurs at the end of the steady southward IMF period just before the recov-
ery phase of the storm. In this case, the nose ion population has moved farther inward to L=2.5 and the nose
energy is now greater than 40 keV, rather than ~20 keV as in the ﬁrst pass. The factor of 2 increase in energy is
consistent with the expected energy gain due to adiabatic transport from L= 3.5 to L= 2.5. The high-energy
population (200–400 keV) has remained roughly in the same location as in the initial pass. There is an increase
in the electric ﬁeld beginning at the inner edge of the lower energy ions, and an additional enhancement just
inside the inner edge of the higher-energy ions, similar to the previous pass. The 1–2mV/m penetration
electric ﬁeld at low L shells inside of the inner edge of the nose ions is not present in this case.
At the large pressure gradient (red dashed line), there is a rapid decrease in the electric ﬁeld, followed by a
gradual broad enhancement extending out to L= 4.4. Similar to the previous case, the inner edge of the
plasma sheet electrons is difﬁcult to identify, and the electron energy is mostly below 2 keV. One difference
between the ﬁrst two passes in which>5 keV electrons were observed near the outer electric ﬁeld boundary
and the last two passes where electron energy was lower is the magnetic latitude of the spacecraft. The
higher-energy electrons were observed at MLAT> 15°, but the last two passes were closer to the magnetic
equator (MLAT< 7°) and did not observe the >5 keV electrons. It is possible that the difference is related
tomagnetic mapping errors, where the actual magnetic ﬁeld for the ﬁrst two passes maps to larger equatorial
radial distances than the dipole model used to approximate the L shell.
4.5. Van Allen Probes and DMSP
In Figure 7, the Van Allen Probe A outbound pass (Pass 2, Figure 4) is compared to two DMSP passes by F17
and F18 traversing through the dusk sector at high latitudes. The data are plotted versus L shell to compare
Figure 6. Example of SAPS from Van Allen Probe A on 29 June 2013 in the same format as Figure 3. The vertical lines show the inner boundaries for 20 keV ions (blue),
80 keV ions (red), and 2 keV electrons (black).
Journal of Geophysical Research: Space Physics 10.1002/2015JA022252
CALIFF ET AL. VAN ALLEN PROBES OBSERVATIONS OF SAPS 5301
the spatial structure of the equatorial and high-latitude magnetic perturbations and particle boundaries. The
Van Allen Probe L shell is calculated using an Earth-centered dipole model, and the DMSP L shell is based on
altitude adjusted corrected geomagnetic coordinates. Our goal is to qualitatively examine the relative spatial
positions of features related to SAPS.
It is important to note that the Van Allen Probes are in geotransfer orbits near the equatorial plane, and the
spacecraft require 4.5 h to traverse from L=2–6, while the DMSP spacecraft are in ~800 km Sun-synchronous
polar orbits with orbital periods of ~90min, enabling them to sample the high-latitude magnetic ﬁeld
footpoints corresponding to L= 2–6 in ~10min. Therefore, the DMSP data provide a faster snapshot of the
radial proﬁle of the particle and ﬁeld structures, while the Van Allen Probe data capture both long-lasting,
large-scale spatial features, as well as temporal features on timescales much shorter than the 4.5 h required
to sample the entire spatial proﬁle.
Figure 7. Spatial proﬁles of the electric ﬁeld, magnetic perturbations, and particle ﬂuxes from the Van Allen Probes and DMSP near a large electric ﬁeld spike in the
inner magnetosphere. The top panels show RBSP A (a) EFW electric ﬁeld, (b) EMFISIS magnetic ﬁeld with IGRF removed, (c) HOPE ion ﬂuxes, and (d) HOPE electron
ﬂuxes for one outbound duskside pass. Below are DMSP F17 (e) SSM magnetic ﬁeld with IGRF removed, (f) SSJ ion ﬂuxes, and (g) SSJ electron ﬂuxes. (h–j) A separate
DMSP F18 pass in the same format as Figures 7e–7g. All data are plotted against L shell, although the Van Allen Probes sample the spatial region over 4.5 h while
the DMSP passes occur in 7–10min. The orbit plots in Figures 7k and 7l show (L, MLT) coordinates projected into the equatorial plane, and the location of RBSP A during
each DMSP pass is highlighted in the orbit plots in Figures 7k and 7l, and also with the vertical dashed lines in Figures 7a and 7b using the same color scheme to identify
DMSP F17 and F18.
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The Van Allen Probe A data show an unusually large electric ﬁeld of ~10mV/m at L= 3.6 (Figure 7a), and the
DMSP F17 (Figures 7e–7g) and F18 (Figures 7h–7j) passes occur 30 and 6min before the spike is observed in
the equatorial plane, respectively. The relative magnetic tracks of Van Allen Probe A, DMSP F17, and DMSP
F18 are shown in Figures 7k and 7l, where the L and MLT coordinates have been plotted in the equatorial
plane. The location of Van Allen Probe A during each DMSP pass is indicated by color-coded vertical dashed
lines in Figure 7a. For example, the red vertical dashed lines indicate the location of Van Allen Probe A over
the course of the DMSP F18 pass from L= 2–6 plotted in Figures 7h–7j.
The magnetic ﬁeld data from DMSP are shown with the IGRF subtracted out, and a slope in Bz, which is
aligned with the orbit normal vector, is interpreted as a spatial gradient indicating a ﬁeld-aligned current.
The sign of the Bz perturbation relative to the direction of ﬁeld-aligned current is opposite between the
F17 and F18 data in this case, because the spacecraft are in different hemispheres, with F17 being in the
south and F18 in the north. In each of the DMSP passes, the spacecraft ﬁrst encounters a sharp ion precipita-
tion boundary with tens of keV energy followed by a dispersed electron precipitation boundary. The ion
boundary is accompanied by a ﬁeld-aligned current into the ionosphere, marked by the slope in Bz in
Figures 7e and 7h, and a current out of the ionosphere with an opposite Bz perturbation is measured with
the electron precipitation boundary. These high-latitude particle boundaries and associated ﬁeld-aligned
currents correspond well with the features measured by Van Allen Probe A in the equatorial plane, despite
the uncertainties involved in magnetic mapping.
An interesting feature in the DMSP data is the existence of multiple alternating ﬁeld-aligned current structures
between L=3 and 5. With each change in slope of Bz, there are alternating regions of ion and electron precipita-
tion. To this point in the paper, the SAPS region has been discussed in terms of a steady spatial separation
between the plasma sheet ions and electrons; however, these data suggest that the region is composed of multi-
ple layers of particle boundaries and alternating current structures. The Van Allen Probe A magnetic ﬁeld data
also support this view: there are multiple variations in the slope of Bx (Figure 7b) between L=3.5 and 5 that
are correlated with ﬂuctuations in the electric ﬁeld and particle pressure. These alternating current structures
may be a series of incoming discrete injections from the tail related to the elevated substorm activity during this
period (Figure 3e).
If we assume the DMSP data provide a snapshot of the spatial separation between successive injection fronts,
and the Van Allen Probes data measure the injections passing over the relatively stationary spacecraft, we can
estimate the propagation speed of the injection structures. The magnetic perturbations from DMSP are sepa-
rated by approximately 1 REwhenmapped to the equatorial plane and between L=3.5 and 5 Van Allen Probe
A measures magnetic ﬁeld ﬂuctuations with a period of ~2–4min. This results in an earthward propagation
speed of 25–50 km/s. Reeves et al. [1996] used dispersionless electron injection signatures from LANL and
CRRES to estimate the radial propagation of the injections from L=6.6 (geosynchronous orbit) to L= 5 and
found an average earthward propagation speed of 24 km/s, which is consistent with our estimate.
The injections are initiated farther back in the tail, where magnetic reconnection launches a dipolarization front
earthwardwith speeds of 200–500 km/s between 10 and 20 RE [Runov et al., 2011]. Most dipolarization fronts slow
down and stop at geosynchronous orbit or beyond [e.g., Sergeev et al., 2012], and they are not expected to pene-
trate inside the plasmasphere. The much slower propagation speeds from our study and Reeves et al. [1996] are
consistent with earthward injections that are slowing down in the innermagnetosphere. By connecting themag-
netic perturbations between the Van Allen Probes and DMSP, we suggest that the electric ﬁeld pulse at L=3.6,
which is inside the plasmasphere, is the remnant of a dipolarization front, where the initial dipolarization in the
magnetic ﬁeld farther back in the tail evolves into a SAPS/SAID structure in the inner magnetosphere.
In addition to the radial spatial structure of the SAPS region revealed within a single DMSP pass (~10min), the
three DMSP spacecraft also show variation in the particle precipitation boundaries and ﬁeld-aligned currents
between successive passes close together in time and MLT. The data are consistent with a picture of multiple,
narrow in MLT injections occurring on timescales of minutes, and the integrated effect producing a buildup
of pressure, ﬁeld-aligned currents, and the broad region of strong electric ﬁelds in the equatorial region.
Recent studies have suggested that small-scale injections may be of equal or greater importance than
large-scale convection in transporting plasma sheet particles into the inner magnetosphere-based Van
Allen Probes observations [Gkioulidou et al., 2014] as well as RCM-E simulations [Yang et al., 2015], and our
observations support this view.
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5. SAPS Impact
5.1. Plasmasphere Erosion
As was seen from the Van Allen
Probes particle and electric ﬁeld data
(Figures 3–6), the inner edge of the
plasma sheet ions penetrates inside
the outer edge of the plasmapause
at dusk, and the SAPS electric ﬁeld
can be enhanced partially inside the
plasmasphere. Two consecutive Van
Allen Probes duskside passes are
shown in Figure 8, and the effect of
the large electric ﬁelds inside the
plasmasphere is apparent. We deﬁne
the plasmapause as the most earth-
ward location where the density
drops below 50 cm3. In Figure 9a,
Van Allen Probe A observes a
~10mV/m spike near L= 3.6 that
was associated with a strong pressure
gradient and a magnetic perturba-
tion, and the plasmapause is located
at L= 4.1 based on the gradient in
spacecraft potential. Four hours later, Van Allen Probe B passes through the same spatial region, and the
plasmapause has moved inward to the location of the previously observed large electric ﬁeld spike.
This is a direct example of the effect of the plasma sheet ions drifting through the outer edge of the plasmasphere,
causing a large electric ﬁeld that convects away the lower energy particles and redeﬁnes the plasmapause at a
lower L value. While plasmasphere
erosion and the formation of plumes
have historically been explained by var-
iations in the strength of the convec-
tion electric ﬁeld, this example shows
a clear correlation between localized
electric ﬁelds on the duskside and
changes in the plasmapause, adding
further evidence that SAPS should not
be ignored in basic descriptions of
magnetospheric electric ﬁelds and
plasmasphere dynamics [e.g., Goldstein
et al., 2003]. The connection between
SAPS and plasmasphere erosion is
important due to the impact the
plasmasphere has on the coupled
magnetospheric system, including
the propagation of waves that affect
the loss and energization of radia-
tion belt electrons.
5.2. Particle Energization
The same electric ﬁeld spike that was
related to plasmapause motion in
the previous section is also corre-
lated with ﬂux enhancements in the
Figure 8. Consecutive outbound duskside passes from Van Allen Probes
A and B showing strong electric ﬁelds and a subsequent inward motion of
the plasmapause.
Figure 9. A large-amplitude electric ﬁeld spike from EFW on (a) Van Allen
Probes A with corresponding (b) ion and (c–d) electron ﬂuxes from MagEIS.
The black line in Figure 9d shows a dispersed electron injection signature.
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higher-energy ion and electron populations. Figure 9 shows the electric ﬁeld along with ion and electron
ﬂuxes for selected energies from MagEIS. Across the ~10mV/m electric ﬁeld spike, the ions display ﬂux
increases of 1–2 orders of magnitude between 30 keV (not shown) and 170 keV (Figure 9b). Shortly after
the large electric ﬁeld is observed, there is an enhancement in 200 keV to 1MeV electron ﬂux and a
decrease in 50–80 keV ﬂux. A detailed analysis of the relationship between the electric ﬁeld pulse and
the energetic particle response is outside of the scope of this paper, but the correlation between SAPS
and 100s keV electrons is interesting and will be the subject of a future study.
6. Summary
This study shows observations of the particles and ﬁelds associated with SAPS during an extended period of
southward IMF during the 29 June 2013 geomagnetic storm. Overall, the major aspects of the traditional
SAPS description were observed in relation to the strong electric ﬁelds measured by the Van Allen Probes.
Near dusk, plasma sheet ions contributed to increased pressure in the inner magnetosphere, causing ﬁeld-
aligned currents to ﬂow into the ionosphere. The plasma sheet electron boundary was observed to be radially
outward from the ion boundary both at the equatorial plane and at high latitudes, and consequently, the keV
electron precipitation boundary in the ionosphere was located at a higher latitude than the ﬁeld-aligned cur-
rent associated with the ions. This spatial arrangement led to a current closing through a low-conductivity
region, resulting in a strong electric ﬁeld that mapped back to the equatorial magnetosphere.
Although most of the observations were in agreement with the traditional SAPS picture, there were cases of
enhanced electric ﬁelds earthward of the inner edge of the plasma sheet ions (L< 2.5) that are examples of
long-duration penetration electric ﬁelds. Also, the ion inner edge was consistently identiﬁed in the Van Allen
Probes data and was observed to move earthward throughout the storm, but the equatorial plasma sheet elec-
tron boundary was not as clear in two of the four passes. The outer boundary of the SAPS region corresponded
to the inner boundary of 5 keV electrons in the ﬁrst two passes; however, the 5 keV electron boundary was not
observed in the last two passes. We suspect that the difference may be related to magnetic mapping.
The combination of the equatorial Van Allen Probes and high-latitude DMSP spacecraft showed that the SAPS
region can be characterized as a broad spatial region persisting for hours that also contains signiﬁcant small-
scale spatial and temporal variation within. We interpret multiple variations in the magnetic ﬁeld data as
earthward propagating spatial structures separated by ~1 RE in the equatorial plane with speeds between
25 and 50 km/s. These features may be the earthward extent of substorm-related dipolarization fronts
slowing down and piling up in the inner magnetosphere, resulting in the integrated effect of a large pressure
gradient at the inner edge of the plasma sheet ions. We also showed that a SAPS does penetrate inside the
plasmasphere and that there may be a relationship between SAPS electric ﬁelds and 100s keV electron
enhancements at low L shells in the inner magnetosphere.
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